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Exercise Pathophysiology in Myalgic
Encephalomyelitis/Chronic Fatigue
Syndrome and Post-Acute Sequelae

of SARS-CoV-2

More in Common Than Not?

Phillip Joseph, MD; Inderjit Singh, MD, Rudolf Oliveira, MD, PhD, Christine A. Capone, MD, MPH,
Mary P. Mullen, MD, PhD,; Dane B. Cook, PhD,; Mary Catherine Stovall, BS, Johanna Squires, MSc, Kristine Madsen, MS,

Aaron B. Waxman, MD, PhD, and David M. Systrom, MD

TOPIC IMPORTANCE: Postacute sequelae of SARS-CoV-2 (PASC) is a long-term consequence
of acute infection from COVID-19. Clinical overlap between PASC and myalgic encepha-
lomyelitis/chronic fatigue syndrome (ME/CFS) has been observed, with shared symptoms,

including intractable fatigue, postexertional malaise, and orthostatic intolerance. The

mechanistic underpinnings of such symptoms are poorly understood.

REVIEW FINDINGS: Early studies suggest deconditioning as the primary explanation for ex-
ertional intolerance in PASC. Cardiopulmonary exercise testing reveals perturbations related
to systemic blood flow and ventilatory control associated with acute exercise intolerance in
PASC, which are not typical of simple detraining. Hemodynamic and gas exchange de-
rangements in PASC have substantial overlap with those observed with ME/CFS, suggestive

of shared mechanisms.

SUMMARY: This review illustrates exercise pathophysiological commonalities between PASC
and ME/CEFS that will help guide future diagnostics and treatment. CHEST 2023; m(m):m-m

KEYy worDs: CPET; hyperventilation; ME/CEFS; neurovascular dysregulation; PASC

Since the onset of the COVID-19 global
pandemic, > 550 million cases of infection

with SARS-CoV-2 have been recorded. A
substantial subset of survivors experience

ABBREVIATIONS: AT = anaerobic threshold; iCPET = invasive car-
diopulmonary exercise test; ME/CFS = myalgic encephalomyelitis/
chronic fatigue syndrome; MIS-C = multi-system inflammatory syn-
drome in children; niCPET = noninvasive cardiopulmonary exercise
test; PASC = postacute sequelae of SARS-CoV-2; PAWP = pulmonary
artery wedge pressure; PEM = postexertional malaise; POTS = postural
orthostatic tachycardia syndrome; RAP = right atrial pressure;
Q. = cardiac output; Vp/Vr = physiological dead space to tidal volume
fraction; Vi = minute ventilation; Vo, = oxygen uptake
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long-term complications following initial infection,
labeled with the all-encompassing term of postacute
sequelae of SARS-CoV-2 (PASC) or colloquially referred
to as “long COVID.” Diagnostic criteria for PASC are
not clearly defined, and prevalence estimates range from
20% to 50% of survivors. Afflicted patients are often
young and have a history of mild acute disease. Given
the new and substantial global burden related to PASC,
elucidating mechanisms underlying PASC that inform
its diagnosis and treatment is critical.'

PASC is recognized as a multisystem syndrome with a
broad range of symptoms, including fatigue, chest pain,
exertional dyspnea, postexertional malaise (PEM),
headache, cognitive impairment or “brain fog,”
myalgias, and depression." Although the etiology of
PASC is unknown, proposed mechanisms include, but
are not limited to, autoimmune and hyperinflammatory
states following acute infection.” Extensive overlap
between PASC and myalgic encephalomyelitis/chronic
fatigue syndrome (ME/CEFS) has been increasingly
recognized.” The National Academy of Medicine
requires three major criteria for diagnosis of ME/CFS
(ie, substantial impairment from fatigue for > 6 months,
PEM, and unrefreshing sleep), plus either cognitive
impairment or orthostatic intolerance.” Given the
substantial overlap in symptoms, a common underlying
pathophysiology has been suggested.

Noninvasive cardiopulmonary exercise tests (niCPETSs),
with continuous measurement of pulmonary gas
exchange, ventilation, and cardiac monitoring during
incremental exercise on a cycle ergometer, offers a
diagnostic modality capable of quantifying and
explaining the exertional intolerance of PASC and ME/
CFS. Up to one-third of patients undergoing CPET after
recovery from their acute illness from COVID-19
display a reduction in oxygen uptake (Vo,).”

Invasive cardiopulmonary exercise test (iCPET) data
suggest that similar exercise pathophysiology underlies
both PASC and ME/CFS and argue against
deconditioning as the sole explanation for exertional
intolerance.”® Such studies suggest that systemic
vascular abnormalities, including decreased venous
return and peripheral left-to-right shunting, underlie
acute exercise intolerance. Combining iCPETs with skin
biopsy results showing decreased small neurite density
further suggest that dysautonomia underlies vascular
dysregulation.” Although niCPETs can reveal
abnormalities related to aerobic capacity, stroke volume,
and ventilatory efficiency,” iCPETs elucidate

2 CHEST Reviews

mechanistic underpinnings using direct measurements
of pulmonary gas exchange, hemodynamics, oxygen
delivery, and utilization.

The aim of the current review was to show the following:
(1) niCPET assessment of PASC and ME/CFS; (2)
iCPET assessment of PASC and ME/CFS; (3)
commonalities underlying both syndromes, including
peripheral vascular dysregulation, hyperventilation, and
mitochondrial dysfunction; (4) pediatric considerations;
and (5) future directions.

Literature Search

Relevant literature was identified via PubMed and was
reviewed by the authors for inclusion. The search
strategy included the following terms: “myalgic
encephalomyelitis/chronic fatigue syndrome,” “post-
acute sequelae of SARS-CoV-2,” “PASC,”
“cardiopulmonary exercise test,” “dyspnea,” “post-
exertional malaise,” “small fiber neuropathy,” and
“mitochondrial dysfunction.” Abstracts were reviewed
for relevance. Whenever possible, case series were
avoided, and larger, prospective trials and meta-analyses
were preferentially used.

» «

» «

Initial Evaluation

Diagnostics performed on the patient at rest, including
pulmonary function tests, chest imaging, ECG,
orthostatic testing, and echocardiogram, are frequently
nondiagnostic in both ME/CFS and PASC. Dyspnea on
exertion after COVID-19 has a wide differential
diagnosis, such as resolving or persistent interstitial lung
abnormalities, pulmonary hypertension, chronic
thromboembolic disease/pulmonary hypertension,
tracheal stenosis from prior intubation, heart failure,
neuromuscular weakness, post-ICU syndrome, and
deconditioning.'” Acute cardiovascular complications
related to PASC include myocarditis and pericarditis,
with cardiac MRI showing persistent myocardial
inflammation months following acute illness.'" The
focus of this review, however, was on patients with ME/
CFES and PASC who do not have intrinsic
cardiopulmonary abnormalities and present with
unexplained exertional intolerance.

Noninvasive CPET

niCPETs are a valuable tool for assessing exercise-
related symptoms in ME/CFS and PASC. Patients with
ME/CEFS experience an elevated perception of effort and
have a reduced peak Vo, compared with control
subjects.'” Mildly reduced peak Vo, has been described
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in ME/CFS with early anaerobic thresholds (ATs)
compared with control subjects. Overall, peak Vo, in
ME/CES is believed to be 5.2 to 6.5 mL/kg per minute
lower compared with control subjects.'” Related niCPET
findings include inefficient breathing and
hyperventilation.® Inefficient ventilation is characterized
by an increased value of minute ventilation (VE)/VCo,,
which physiologically is related to either
hyperventilation or failure to normally decrease
physiological dead space to tidal volume fraction (Vp/
V1) during exercise.

Another niCPET variable found in ME/CFS and PASC
is chronotropic incompetence. This is of interest given
emerging evidence suggesting autonomic dysfunction in
patients with ME/CFS."* However, chronotropic
incompetence has not been reproduced in more recent
and larger studies."”

Serial niCPET's in ME/CES 24 h apart assess the ability
of patients to recover and replicate physiological
performance over time.'” The rationale for such an
approach relies on the fact that patients with ME/CFS
experience exercise intolerance along with prolonged
recovery from exercise and postexertional aggravation of
symptoms, also known as PEM." Two-day niCPET
protocols have found that patients with ME/CFS have
significantly lower peak Vo,, earlier onset of the AT, and
lower work rate parameters on day 2 compared with day
1.">'® A meta-analysis identified that: (1) patients with
ME/CES have lower exercise tolerance levels of all
parameters on the second CPET compared with control
subjects; (2) the difference between patients and control
subjects was more pronounced at the AT in relation to
peak; and (3) the workload at the AT was different in
patients with ME/CFS compared with control subjects.'”

The biological mechanisms that underlie PEM are not
well understood, although CPET has proven useful in
terms of mechanistic exploration. Both maximal and
submaximal exercise protocols have been used to
determine behavioral and physiological consequences of
acute exercise challenge. These studies have shown
symptom exacerbation of variable intensity, type, and
duration,'® impaired pain regulation,'” altered immune
function markers (eg cytokines, complement levels,
natural killer cells),”” changes in gut microbiome
interactions,”’ disruption of metabolites,”” and altered
brain function.”” Abnormalities in the skeletal muscle
exist in patients with ME/CEFS related to impaired
oxygen delivery during exercise and the inability to
recover from exercise-induced pH reductions.”

chestjournal.org

It is clear from these studies that exercise influences
multiple physiological systems. However, few studies
have directly tested the associations between the
physiological and behavioral manifestations of PEM.
One recent study reported that neither symptoms nor
cardiopulmonary responses to acute exercise were
predictive of PEM in veterans with Gulf War illness, a
disease that overlaps significantly with ME/CFS.””
Furthermore, given the overlap between ME/CFES and
PASC along with the observation of PEM in PASC,*¢
further research into underlying mechanisms is needed.

Invasive CPET

Protocols for iCPET, hemodynamic measurements, and
pulmonary gas exchange measurements have been
described previously (Fig. 1).”” Briefly, the pulmonary
and radial arteries are catheterized with ultrasound and
fluoroscopic guidance, and then a standard right heart
catheterization is performed with oxygen saturation
measurements to assess for intracardiac left-to-right
shunting. Patients then perform a maximum,
incremental, upright exercise on a cycle ergometer as
ventilation and pulmonary gas exchange are
continuously measured. Hemodynamics, including right
atrial pressure (RAP), mean pulmonary artery pressure,
and mean arterial pressure, are continuously recorded
and averaged throughout the respiratory cycle.”®
Pulmonary arterial wedge pressure (PAWP) and arterial
and mixed-venous blood gases and pH are measured
every minute. RAP and PAWP are measured as the
mean of the “a” wave. Cardiac output (Q,) is calculated
by using the direct Fick principle. Predicted peak values
for Q. assume a normal hemoglobin concentration of
14 g/dL, arterial saturation of 100%, and peak mixed
venous oxygen saturation of 25%. To correct for anemia,
the peak arterial-venous oxygen content difference
should approximate the hemoglobin concentration.””

Following elimination of pulmonary mechanical
limitations to exercise, the iCPET can differentiate
central cardiac and peripheral limitations to acute
exercise. Central cardiac limitations are due to left-sided
heart disease, right-sided heart disease/pulmonary
vascular disease, or inadequate cardiac preload, with
age-related upper limits of normal defined in the upright
position during cycle ergometry vs using flow or cardiac
output-corrected pressure slopes (ie, mean pulmonary
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limitations, characterized by impaired systemic oxygen

extraction, may be due to mitochondrial myopathy or

microcirculatory left-to-right shunts (Fig. 2).””7"****
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A balloon-tipped, four-port
pacing pulmonary arterial
catheter sits in the
pulmonary arterial wedge.

Hemodynamic
Monitor

Heart rate,
systemic blood
pressure, and right
atrial, right
ventricular, and
pulmonary artery
pressures are
continuously
measured using a
hemodynamic
monitor.

L

A 12-lead ECG is
continuously
monitored.

Figure 1 - Invasive cardiopulmonary exercise test.

Inadequate Biventricular Preload

The normal central exercise response consists of an
increase in Q. and stroke volume to support the
increased demand of skeletal muscle metabolism. Q.
rises as a function of both mechanical mechanisms (ie,
skeletal-muscle and respiratory pumps) and neural
mechanisms from parasympathetic withdrawal and
sympathetic activation. In response, biventricular filling
pressures normally increase from splanchnic
vasoconstriction and peripheral venoconstriction,
resulting in increased blood volume in the central
circulation to support the increase in Q. and stroke
volume.™

Using iCPETs, systemic vascular dysregulation seems
to be similar in ME/CFS and PASC. In a
heterogeneous population referred for iCPET
investigation of unexplained exertional intolerance,
low biventricular filling pressures (ie, “preload
failure”) explains depressed aerobic capacity in
approximately 20% of patients.”® In studies enriched
with PASC” and ME/CFS,’ preload failure seems to be
ubiquitous.

A 5F micropuncture
catheter sits in the radial
artery.

Metabolic
Monitor

Breath-by-breath
pulmonary gas
exchange and

minute
ventilation are

measure by using a
metabolic cart.

The prevalence of small fiber neuropathy (SFN) seems to
be high in PASC and ME/CFS. In one small study, SEN
was observed in nearly 90% of patients with PASC.”
One-third of patients with ME/CES are definitively
diagnosed with SEN according to results of protein gene
product 9.5-immunolabeled lower-leg epidermal biopsy,”
a prevalence similar to that observed in fibromyalgia and
postural orthostatic tachycardia syndrome (POTS).”” The
prevalence described in ME/CFS may be underestimated
due to the use of distal skin biopsies, which may not
capture non-length-dependent SFN and are age
dependent.”® Small fibers regulate microvascular tone
through sympathetic and parasympathetic cholinergic
synapses on perivascular myocytes.”” SEN and distal
axonopathy can reduce venoconstriction, as seen with
abnormal lower extremity venous pooling upon standing
and low norepinephrine release following sympathetic
nervous system stimulation in POTS.*

Impaired Systemic Oxygen Extraction

Normally, during intense exercise, sympathetic tone is
elevated, but “endogenous sympatholysis” due to local

386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413

Q22Q25
414

Q11

415

416
417

418
419
420
421

422
423
424
425
426
427
428
429
430
431

432
433
434
435
436
437
438
439
440

4 CHEST Reviews

[ m#m CHEST m 2023 ]

REV 5.6.0 DTD m CHESTS5617_proof m 12 May 2023 m 12:54 am ® EO: CHEST-D-22-01045



441
442
443
444
445
446
447
448
449
450
451

452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471

472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495

print & web 4C/FPO

Cardiovascular Impairment
Peak Vo, < 80% predicted

Pulmonary Mechanical Limit
VE/MVV > 0.702

Impaired Oxygen Delivery
Anaerobic Threshold < 40% predicted

‘ Central Cardiac Limitation ’

Peak Q; < 80% predicted

Peripheral Limitation
Mitochondrial Myopathy
Peripheral Left-to-Right Shunts
(Cao, — Cvo,)/[Hb] < 0.80P

Left-Sided Heart Disease
Age =< 50 y: PAWP > 19 mm Hge¢
Age > 50 y: PAWP > 17 mm Hge

PAWP/Q, slope > 2d

Pulmonary Vascular Disease
Age <50 y: mPAP > 30 and PVR > 1.34 WU¢
Age > 50 y: mPAP > 33 and PVR > 2.10 WU°¢
mPAP/Q, slope > ULN; TPG/Q, slope > 1.2d

Preload Failure

RAP < 6.5 mm Hge

Figure 2 - Evaluation of undifferentiated exertional intolerance. “Breathing Reserve Index.> Peripheral limitation.?® “Age-defined upper limits of
normal.* “The mPAP/Qc slope is age-dependent whereas the TPG/Qc slope is age-independent. “Preload failure.”* Cao, = arterial oxygen content;
Cvo, = venous oxygen content; Hb = hemoglobin; mPAP = mean pulmonary artery pressure; MVV = maximum voluntary ventilation; PAWP =

pulmonary artery wedge pressure; PVR = pulmonary vascular resistance; RAP = right atrial pressure; Q. = cardiac output; ULN = upper limit of

normal; Vg = minute ventilation; Vo, = oxygen uptake.

vasodilatory substances such as nitric oxide, adenosine,
histamine, and prostacyclin decreases systemic vascular
resistance and allows for preferential perfusion of the
exercising muscle. Acid changes in the muscle capillary
right-shift the oxygen-hemoglobin dissociation curve
and facilitate oxygen offloading to the muscle capillary.*'

A high-flow state, suggested by an elevated Q./Vo, slope
throughout incremental exercise and elevated mixed
venous oxygen saturation at peak exercise, has been
observed in both ME/CFS and PASC.”* Systemic
microcirculatory dysfunction may explain this through
peripheral left-to-right shunts. Left-to-right shunts may be
explained by dysautonomia, which include distal or
proximal SFN or a co-existing ganglionopathy, sometimes
associated with autoantibodies to the acetylcholine
receptor.*” Results of skin biopsies of patients with SFN
and fibromyalgia reveal dysregulated arteriovenous blood
flow due to abnormal innervation of arteriovenous shunts,
enabling oxygenated blood to bypass capillary beds and
return unextracted to the venous circulation.”’ Recent

chestjournal.org

studies have suggested that RBC deformability and
endothelial dysfunction may compromise

. . . . s, 44,45
microcirculatory oxygen delivery during exercise.” "’

Mitochondrial myopathy has been implicated in both
ME/CFS*® and PASC" as an explanation of exertional
intolerance and can also present with impaired systemic
oxygen extraction during iCPETs. Although Q./Vo,
slopes are elevated in both peripheral left-to-right shunts
and mitochondrial dysfunction,* the latter’s normal
peak exercise Q. can help differentiate the two (Table 1).

Dyspnea on Exertion

Dyspnea on exertion generally results from ventilatory
demand that exceeds capacity.”” In ME/CFS and
PASC without intrinsic lung disease, pulmonary
mechanics are not limiting. As noted earlier, niCPET's
suggest an association between breathlessness and
inefficient ventilation (ie, elevated VE/VCo,), which
by the alveolar ventilation equation is due to
hyperventilation and/or increased Vp/Vr. The iCPET
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TABLE 1 | Differential Diagnosis of Changes in Peak Exercise Vo, and Q.

Vo, Peak Peak Q.

Diagnosis

Athletic heart

Preload failure

Left-to-right
shunt

Mitochondrial
dysfunction

1
!
1

Commensurate increases in Vo, and Q. at peak exercise is characteristic
of endurance trained athletes

Depressed Vo, and Q. at peak exercise in the absence of a pulmonary
mechanical limit suggests preload failure

Depressed Vo, peak and supranormal Q. peak is a hallmark of left-to-
right shunting

Depressed Vo, peak and normal Q. peak suggests mitochondrial
dysfunction without cardiac involvement

Q. = cardiac output; Vo, = oxygen uptake.

allows direct measurements of both, with radial
arterial blood gases allowing minute-to-minute
assessment of acid-base status and mixed expired CO,
from the metabolic cart, with calculation of Vp/V by
using the Bohr equation.

In patients with PASC and ME/CES without intrinsic
cardiopulmonary disease, ventilatory inefficiency and an
erratic breathing pattern™ are frequently observed and
associated with dyspnea. Interestingly, the aberrant
increase in VE/VCo, is entirely due to hyperventilation
and not due to the failure of the Vp/V to fall normally.g’5 !
This is in contradistinction to heart failure’” and
pulmonary arterial hypertension,”” in which ventilatory
inefficiency is driven by both elevated Vp/Vt and
hyperventilation. In patients with heart failure, skeletal
muscle group III/IV afferents play an important role in the
exaggerated hyperventilatory response seen during
exercise.”” These metaboreceptors detect byproducts of
muscle metabolism and stimulate group III/IV afferents of
the spinal cord to the medullary respiratory centers to
stimulate ventilation.” It is possible that in PASC and
ME/CEFS, similar to patients with heart failure, an
exaggerated skeletal muscle metaboreflex drives
hyperventilation. This heightened ventilatory response is
associated with exertional dyspnea. Respiratory alkalemia
causes a leftward shift of the oxygen dissociation curve,
increasing hemoglobin-oxygen affinity and inhibiting

6 CHEST Reviews

systemic capillary oxygen offloading, contributing to the
reduction in peak exercise Vo,.*"”!

Deconditioning

Deconditioning has been implicated as an explanation
for exertional intolerance in ME/CFS and PASC.™°
iCPETs offer objective evidence arguing against simple
deconditioning as an explanation for these symptoms.
Low peak exercise Q. and higher intracardiac filling
pressures are observed in detrained individuals due to
cardiac atrophy and decreased ventricular
compliance,”*”* diametrically opposed to the previously
discussed preload failure hemodynamic phenotype. In a
similar fashion, peripheral oxygen extraction is little
affected by deconditioning.”

Hypovolemia has been offered as an explanation for low
intracardiac filling pressures in POTS, ME/CFS, and
PASC. The lack of NPO status for iCPETSs, absence of
diuretic and venodilator drugs, and increased peak
exercise RAP, Q. and Vo, in a recent randomized,
placebo-controlled iCPET study of pyridostigmine in
ME/CFS suggest that neurovascular dysregulation
underlies preload failure, rather than hypovolemia.”*°

Special Consideration in Pediatrics

Children with SARS-Cov2 often have asymptomatic or
mild disease. However, a minority of pediatric patients
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have a more severe course, either acutely manifesting as
ARDS and/or myocarditis or 4 to 6 weeks later as a
postinflammatory disorder known as multi-system
inflammatory syndrome in children (MIS-C). For those
with MIS-C, illness is severe, with approximately 80% of
patients requiring intensive care, approximately

50% exhibiting features of left ventricular systolic
dysfunction and myocarditis, 10% to 20% developing
acute coronary artery aneurysms, 20% with ECG
abnormalities/arrythmias, and 4% requiring
extracorporeal membrane oxygenation.”””®

Although many surviving patients return to their baseline
health within 8 weeks of their illness, a proportion of
children experience chronic health impairments.”” Meta-
analyses of observational studies including > 80,000
children report long COVID symptoms in 25% of
children following SARS-CoV?2 infection.”” Prominent
symptoms include exercise intolerance, shortness of
breath, and orthostatic intolerance. Such impairments
may be secondary to the severity of illness, post-ICU
syndrome, critical illness myopathy, residual cardiac
dysfunction, or deconditioning. However, these
symptoms also occur in outpatients with mild SARS-
CoV2 illness, which would be more suggestive of a
pathophysiology similar to ME/CES. Fatigue and PEM
are among the most common symptoms reported in
children with long COVID. A recent prospective,
multicenter study identified persistent symptoms and
activity intolerance at 2 to 4 months following
hospitalization for 26.9% of children hospitalized with
acute COVID-19 and 30% of those hospitalized with
MIS-C.°" Meta-analysis also showed that these symptoms
were among the most commonly reported in children
who were not hospitalized.”” PASC symptoms in children
may be independent of the severity of the initial infection
and occur despite resolution of laboratory and
echocardiographic abnormalities.”"**

There are limited data regarding formal exercise testing
in patients with PASC or MIS-C. In a group of 40
children followed up after hospitalization for MIS-C,
45% had 6-min walk test performances below the third
percentile for their age and sex at 6 months’
postdischarge.®” In addition, abnormal cardiorespiratory
responses during exercise were shown in a small number
of patients after hospitalization for MIS-C. In this
sample, all patients had lower peak Vo,, impaired
oxidative metabolism (lower VO,yr and OUES), and
ventilatory inefficiency (higher Vg/VCo,) compared

with normal values for the cohort.®*
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Although possibly connected to residual cardiac disease,
both impaired 6-min walk test performance and low
peak Vo, occurred in some patients who had normal
inflammatory markers and normal ventricular systolic
function on echocardiogram. It is unclear whether the
persistent symptoms of PASC in children may have
some contribution from deconditioning, as suggested
from these healthy control studies, or are entirely from
the pathobiology of the illness itself.®”

Shortness of breath has also been reported as a frequent
symptom in children with long COVID. A single-center
study comparing pulmonary function testing in 73
children and adolescents following SARS-CoV-2
seroconversion showed lack of impairment except in
those with severe infection and no difference in follow-up
pulmonary function testing compared with a group of
healthy control subjects.”” The mechanisms underlying
the discrepancy between subjective persistent respiratory
report of symptoms and normal pulmonary function in
children with long COVID are unclear, but this finding is
similar to what has been reported in ME/CEFS.

Orthostatic intolerance, described in most patients with
ME/CSE, is a common finding in adolescents with PASC
with reported orthostatic symptoms as well as
descriptions of palpitations, dizziness, and
lightheadedness.””” In some instances following
COVID-19 infection, adolescents may be diagnosed with
POTS in the setting of excessive heart rate increase
without hypotension while upright or other forms of
dysautonomia, reinforcing the importance of orthostatic
testing in the evaluation of PASC symptoms in young
patients.”

In addition to obtaining a careful history of SARS-
CoV-2 illness, complications, and comorbidities,
testing in children and adolescents with PASC (severe
illness as well as mild) should include laboratory
analysis, echocardiogram with and without cardiac
MRI, pulmonary function tests, 6-min walk test,
CPET, and orthostatic testing. Ongoing large
prospective multicenter trials such as the National
Institutes of Health-sponsored Long-term Outcomes
after the Multisystem Inflammatory Syndrome in
Children (MUSIC) study and the National Institutes
of Health Researching COVID to Enhance Recovery
(RECOVER) program, studying post-acute sequelae of
COVID-19, will be crucial to our understanding of
this disease, allowing for more definitive clinical
guidelines for management and treatment of children
with PASC.

REV 5.6.0 DTD m CHESTS5617_proof m 12 May 2023 ® 12:54 am B EO: CHEST-D-22-01045

716

717

718
719

720
721

722
723
724
725
726
727
728
729
730
731

732
733
734
735
736
737
738
739
740
741
742
743
744
745
746
747
748
749
750
751

752

753

754
755

756
757
758
59
760
761

762
763
764
765
766
767
768
769
770


http://chestjournal.org

771

772

773

774
775

776
777

778
779
780
781

782
783
784
785
786
787
788
789
790
791

792
793
794
795
796
797
798
799
800
801
802
803
804
805
806
807
808
809
810
811

812

813

814
815

816

817

818

819

820
821

822
823
824
825

Knowledge Gaps and Future Directions

Given the significant global burden of ME/CFS and the
suspected societal costs of PASC, further research into
underlying mechanisms and treatment is needed. iCPET's
offer insights into the underlying pathophysiology of ME/
CFS and PASC that cannot be derived from testing of the
patient in the resting state or noninvasively. Future
directions using niCPETs in conjunction with plasma
-omic signatures may be useful. Metabolomics reveal
exercise perturbations in lipid- and energy-related
pathways, with commonality observed with glutamate
metabolism.”* Metabolic profiles of PASC show elevated
ferritin, D-dimer, erythrocyte sedimentation rate, and
C-reactive protein, suggestive of a chronic inflammatory
state.”” Targeting these pathways may offer benefit related
to symptom burden.

There are no US Food and Drug Administration-
approved treatments for ME/CFS and PASC.
Nonpharmacological therapies can be offered, although
the data are based on treating patients with POTS. These
include increased dietary salt and fluid intake, activity
modification such as leg crossing and squatting, and the
use of compression stockings and abdominal binders.”®
Although graded exercise has been recommended for
POTS, PEM makes exercise recommendations difficult
in ME/CFS and PASC, supporting the role of CPET-
guided exercise prescriptions in rehabilitation efforts.
Prior studies have evaluated cognitive behavioral
therapy, graded exercise,”” IV immunoglobulin,”’ and
B-cell depletion.”" Robust evidence exists for treating
autoantibody-mediated disease such as myasthenia
gravis; however, limited data support the use of
immunosuppression in autoantibody-associated ME/
CFS.”” Increasing recognition of mitochondrial
dysfunction underlying PASC has led to clinical trials
evaluating compounds to improve muscle metabolism.””
However, limited efficacy and data exist for the use of
mitochondrial supplements such as ubiquinol, alpha-
lipoic acid, L-carnitine, oxaloacetate, and B vitamins,
although little harm results from their use.”*”> Finally, a
double-blind, randomized, placebo-controlled trial of a
single dose of pyridostigmine in patients with ME/CFS
undergoing iCPETs showed improvement in Vo, by
increasing Q. and right ventricular filling pressures.”
Long-term, placebo-controlled studies are needed to
assess for improvements in PEM and exercise tolerance.

Conclusions

PASC and ME/CEFS overlap in both symptom burden and
exercise derangements. niCPET's are useful in

8 CHEST Reviews

characterizing aerobic capacity and evaluating ventilatory
inefficiency, the latter caused by hyperventilation. Two-
day niCPET protocols may provide a diagnostic tool by
showing a decrement in peak Vo, on day 2, potentially
due to PEM. Neurovascular dysregulation observed with
iCPETs further explains exercise intolerance in PASC and
ME/CFS through impaired cardiac preload and
peripheral oxygen extraction, associated with autonomic
dysfunction, SEN, ganglionopathy, and mitochondrial
dysfunction. Future studies targeting these pathways are
needed to reduce the substantial global burden of PASC
and ME/CEFS.
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